The RNase A ribonucleases are enzymatically active secretory proteins that can promote innate immunity. Results: Mouse eosinophil-associated RNase (mEar) 11 is expressed in response to IL-33 and promotes TLR2-independent macrophage activation. Conclusion: Mouse Ear 11 is an RNase A ribonuclease with unique expression, targets, and functions. Significance: This work elucidates the versatility of RNase A ribonucleases in promoting innate immunity.
The RNase A ribonucleases are a family of vertebrate-specific secretory proteins with multiple, distinct lineages that have undergone extensive structural and functional diversification (reviewed in Refs. 1 and 2). Specifically, these proteins as a family share distinct structural and catalytic elements and all have some degree of enzymatic activity against single-stranded RNA substrates; however, their primary sequences have diverged significantly from one another, and in many cases there is evidence suggesting that diversification has resulted in novel function. In several specific RNase A family lineages (e.g. RNases 2/3, RNases 7/8, the rodent RNases 5, avian leukocyte RNases A1/A2), there is strong evidence suggesting that sequence diversification may relate to constraints promoting innate immunity, also known as host defense (3) (4) (5) (6) (7) (8) .
The eosinophil-derived neurotoxin and the eosinophil cationic protein, also known as RNases 2 and 3, respectively, were first identified as cationic secretory mediators stored in the large specific granules of human eosinophilic leukocytes (9 -11) . Among the founding members of the larger RNase A family, RNase 2/EDN and RNase 3/ECP emerged as a gene pair from a relatively recent duplication event, which was followed by rapid diversification (12, 13) . Both RNase 2/EDN and RNase 3/ECP have prominent roles in promoting host defense via cytotoxic interactions with bacterial and helminthic pathogens as well as via antiviral activity, albeit characterized to date in experiments carried out primarily in vitro (reviewed in Refs. 14 -16).
Larson and colleagues (17) identified the first murine orthologs in the RNase 2/RNase 3 lineage, and created the term "eosinophil-associated RNases" (Ears). 5 Mouse Ears form spe-cies-limited clusters that are highly divergent from their human counterparts (only ϳ50% amino acid sequence homology); Zhang and colleagues (18) identified the constraints that generated these clusters as rapid gene-sorting followed by positive selection, an unusual diversification pattern that had been reported previously for T cell receptor, immunoglobulin, and major histocompatibility complex genes. Mouse Ears, notably mEar 1 and mEar 2, were detected in secretory granules of mouse eosinophils (17, 19, 20) . Although they have maintained the name "eosinophil-associated" because they are orthologous to human RNase 2/EDN and RNase 3/ECP, mouse Ears are also expressed in cells and tissues other than eosinophilic leukocytes. For example, Moreau and colleagues (21) detected mEar 2 in lung tissue of BALB/c mice and O'Reilly and colleagues (22) found that ozone exposure resulted in diminished expression of mEar 1 in airway epithelial cells in vivo.
Among the 12 characterized members of the Mus musculus mEar cluster, mouse eosinophil-associated RNase 11 (mEar 11) displays a particularly unusual expression pattern. Specifically, Cormier and colleagues (23) found that mEar 11 was expressed in alveolar macrophages in response to acute stimulation with Th2 cytokines IL-4 and IL-13. We have also detected expression of mEar 11 in lung tissue, likewise in settings of Th2 predominance, in conjunction with elevated levels of the Th2-cell chemoattractants CCL17 and CCL22 in virus-infected mice devoid of type I interferon receptor-mediated signaling (24) .
Given our larger interests in the RNase A family and its role in promoting host defense, here we examine the biology of mEar 11 and reveal the larger extent of its differential expression together with its interactions with other innate immune cells.
EXPERIMENTAL PROCEDURES
Mice-The mice utilized in this study include wild-type BALB/c and C57BL/6 mice from the Division of Cancer Therapeutics, National Cancer Institute, Frederick, MD, NJ.1638 IL-5 transgenic mice (25) , and Toll-like receptor-2 gene-deleted (TLR2 Ϫ/Ϫ ) mice (Jackson Laboratories, stock 004650). All protocols were evaluated and approved as per the National Institutes of Allergy and Infectious Diseases and carried out in accordance with the Institute's Animal Care and Use Committee Guidelines.
Generation of Bacterial (Escherichia coli) Expression Constructs-cDNAs for mEars 1, 2, and 11 were generated from mRNA from splenocytes from IL-5 transgenic mice (cDNA synthesis kit, Roche Diagnostics, Basel, Switzerland), amplified with sequence-specific primers that included 5Ј restriction sites to facilitate cloning (see below). The bacterial expression vector, pET-24a(ϩ), and amplification products were subjected to restriction digestion with enzymes NdeI and XhoI and purified by gel electrophoresis. The amino terminus identified for mEar 11 was based on homology with those defined experimentally for mEars 1 and 2 (17) . We have shown previously that a short carboxyl tag does not interfere with post-translational folding or enzymatic activity of RNase A ribonucleases (26) . Amplified mEar coding sequences and the pET-24a(ϩ) vector were ligated at a 1:1 molar ratio (T4 DNA ligase; Invitrogen), transformed into One Shot TOP10 chemically competent E. coli (Invitrogen) and selected on kanamycin-agar plates. Selected clones were confirmed by sequencing. To generate mEar11K35R, lysine 35 (codon AAA) was mutated to arginine (codon AGA) by site-directed mutagenesis (QuikChange Lightning Site-directed Mutagenesis Kit; Agilent Technologies) as per the manufacturer's instructions. Primers used to generate, mutagenize, and sequence pET-24a(ϩ) constructs included: generation of mEar 1, 5Ј-CACCACCACCATATGC-AAACCCCTTCCCAGAAGTTTGCCA-3Ј and 5Ј-GTGGTG-GTGCTCGAGAAATGTCCCATCCAAGTGAACTGGAAC-CACT-3Ј; generation of mEar 2, 5Ј-CACCACCACCATATG-CAAACCCCTTCCCAGTGGTTTGCCA-3Ј and 5Ј-GTGGT-GGTGCTCGAGAAATGTCCCATCCAAGTGAACTGGAA-CCACT-3Ј; generation of mEar 11, 5Ј-CTCCTCCTCCATAT-GTTGACCCCCTCCCGGTGGTT-3Ј and 5Ј-CTCCTCCTC-CTCGAGAATATCCCATCCAAGTGAA-3Ј; sequencing of pET-24(ϩ) constructs, 5Ј-GCTAGTTATTGCTCAGCGGT-3Ј and 5Ј-GGGGAATTGTGAGCGGATAA-3Ј; introduction K35R mutation, 5Ј-GCGGGCCGTTAACAGTTACACAGGA-GTGTGTAGAGACATAAATACTTTTCTTC-3Ј and 5Ј-GAA-GAAAAGTATTTATGTCTCTACACACTCCTGTGTAAC-TGTTAACGGCCCGC-3Ј.
Production and Purification of Recombinant mEARs-The pET-24a(ϩ) mEar expression constructs described above were used to transfect One Shot BL21(DE3) chemically competent E. coli (Invitrogen). Kanamycin-resistant clones were screened for effective isopropyl ␤-D-1-thiogalactopyranoside induction of recombinant protein, as indicated by Western blotting with rabbit polyclonal anti-His 6 antibody (AbCam). Selected clones were then grown overnight to stationary phase, and then to A 600 ϭ 0.8 in 1 liter in Terrific Broth (Quality Biologicals); protein synthesis was induced with 1 mM isopropyl ␤-D-1-thiogalactopyranoside for 4 h. Cells were harvested and lysed with BugBuster Protein Extraction Reagent containing Lysonase (Novagen). The insoluble fraction, which contained recombinant mEars within inclusion bodies, was collected by centrifugation and dissolved overnight in 3.0 ml of reducing buffer (6 M guanidine hydrochloride with 10 mM Tris base, 30 mM acetic acid, 2 mM EDTA, 80 mM reduced glutathione, and 3 mM phenylmethylsulfonyl fluoride, adjusted to pH 8.5). Denatured proteins were refolded over the course of 48 h by addition of 200 ml of oxidizing buffer (10 mM Tris base, 40 mM acetic acid, 0.6 M L-arginine, and 0.3 mM oxidized glutathione, adjusted to pH 8.5) in small aliquots, all maintained at 4°C. Renatured protein solutions were dialyzed at 4°C against multiple changes of dialysis buffer (20 mM sodium phosphate, pH 7.4, with 0.5 M NaCl) in 6 -8-kDa molecular weight cut-off (MWCO) dialysis tubing. Protein solutions were clarified of all insoluble debris and loaded onto pre-equilibrated 5-ml HisTrap HP columns (GE Healthcare). Columns were washed with cold 40 mM imidazole containing dialysis buffer, and eluted with 15 ml of elution buffer (20 mM sodium phosphate, pH 7.4, and 0.5 M NaCl, and 2 M imidazole, pH 8.5) in 1.0-ml fractions. Fractions with eluted protein were combined and dialyzed against cold dialysis buffer. Protein concentrations were determined by BCA assay (Pierce) against serial dilutions of bovine serum albumin standards.
Generation of Polyclonal Rabbit Anti-mEars Antibody-Rabbit polyclonal antibody was generated using bacterial-derived mEar11-His 6 as antigen in a standard protocol (Spring Valley Laboratories). Antibody was purified from the antiserum using Hi-Trap protein A columns as per the manufacturer's instructions (GE Healthcare).
Generation of Pichia pastoris (Yeast) Expression ConstructsThe mEar 11 and mEar 11K35R His 6 -tagged constructs with terminal stop codon were amplified from their respective pET24a(ϩ) constructs with amplification primers as noted above. Amplification products and the pPink␣-HC yeast expression vector were subjected to restriction digestion with enzymes StuI and KpnI; vector and coding sequences were ligated, downstream of a ␣-mating factor signal sequence containing Ascomycota Kozak consensus sequence, with T4 DNA ligase (Invitrogen) and used to transfect One Shot TOP10 chemically competent E. coli (Invitrogen). Clones were isolated and selected for by sequencing with pPink␣-HC-specific primers. Bacterial clones were selected by ampicillin resistance. Ten g of SpeI-linearized plasmid DNA was used to transfect chemically competent P. pastoris, which was then grown on Pichia Adenine Dropout (PAD) agar (Teknova). Large white colonies were selected and screened by PCR for the presence of the appropriate insert. Positive colonies were used to inoculate 10 ml of yeast extract-peptone-dextrose (YPD) media, which were shaken at 300 rpm for 36 h at 29°C in aerated tubes. Yeast clones were collected, re-suspended in 1 ml of YPD, 25% glycerol, and frozen as stocks at Ϫ80°C. Primers used to generate P. pastoris mEar 11 constructs include: 5Ј-CACCACCACGA-GTCCACACTTGACCCCCTCCCGGTGG-3Ј and 5Ј-GTG-GTGGTGGGTACCGTGTCAGTGGTGGTGGTGGTG-GTG-3Ј; primers for sequencing include: F1 5Ј-GCGACTGG-TTCCAATTGACAAGC-3Ј, F2 5Ј-CTACTATTGCCAGCA-TTGCTGCTAAAGAA-3Ј, and R 5Ј-GGCGTGAATTAAGC-GGTGAC-3Ј.
Production and Purification of Recombinant mEar 11 and mEar 11K35R from Yeast (P. pastoris)-Frozen stocks were plated on YPD agar; single colonies were used to inoculate primary YPD cultures and shaken at 300 rpm for 36 h at 29°C in aerated Falcon tubes. Primary cultures were used to inoculate 1 liter of buffered glycerol-complex medium with 1 ml of antifoam 204 (Sigma) in baffled flasks, shaken at 300 rpm for 20 h at 29°C. Cells were harvested by centrifugation at 1500 ϫ g for 5 min and re-suspended in 50 ml of 1% methanol-buffered complex medium and shaken at 300 rpm for 6 days at 29°C, replacing evaporated methanol every 24 h. Methanol-induced cultures were centrifuged at 1000 ϫ g for 10 min. Cell-free supernatants were dialyzed (4°C) against 20 mM sodium phosphate, pH 8.0, with 375 mM NaCl using 6 -8 kDa MWCO tubing for 36 h. 20 mM Imidazole and 1.0 ml of nickel-nitrilotriacetic acid-agarose beads (Qiagen) were added to dialyzed solution. Slurry was rotated end-over-end at 4°C for 60 min and collected on chromatography columns (Bio-Rad), washed with 20 ml of wash buffer (25 mM sodium phosphate, 375 mM NaCl, 20 mM imidazole, pH 8.0), and eluted into 1.0-ml fractions with 10 ml of elution buffer (25 mM sodium phosphate, 375 mM NaCl, 1.5 M imidazole, pH 8.0. Protein-containing fractions were combined, and dialyzed (4°C) against 20 mM sodium phosphate, pH 8.0, and 375 mM NaCl in Slide-A-Lyzer Dialysis Cassette 3,500 MWCO (Thermo Scientific, Rockford, IL) and concentrated with Centrifugal Filter Units 3,500 MWCO (Millipore). Protein concentrations were determined by BCA assay (Pierce) as above. Purified recombinant yeast mEars were tested for endotoxin contamination using E-Toxate Kit (Sigma). Serial dilutions of purified P. pastoris-derived mEar 11 were evaluated in parallel with endotoxin standards of 0.015-400 EU/ml and samples containing an internal control of 4 EU/ml; as anticipated, all samples evaluated were below detectable limits.
Ribonuclease Assay-Assays were performed in 400 l of 40 mM sodium phosphate solution, pH 7.4, in triplicate as previously described (26) . Briefly, bacterial-derived recombinant mEars were added to assay solutions at 1.9 (mEar 1), 5.1 (mEar 2), and 160 (mEar 11) nM, respectively, and P. pastoris-derived recombinant mEar 11 and mEar 11K35R, each at 230 ng/ml. Acid-soluble ribonucleotides generated from acid-insoluble tRNA were measured spectrophotometrically at A ϭ 260 nm.
Tissue-specific Gene Expression-Total RNA was extracted from various mouse tissues from both BALB/c and C57BL/6 mice using the RNAzol B reagent as per the manufacturer's instructions. Isolated RNA samples were purified with the RNeasy mini kit with on-column DNase I digestion (Qiagen), then reverse-transcribed to cDNA (Roche Diagnostics) using poly(A) primers. Quantitative PCR was performed using 2ϫ TaqMan Reagent (Life Technologies) with validated sequencespecific primer probes for mEar11 and GAPDH (Life Technologies, catalog numbers 4331182-Mm00519056_s1 and 4308313, respectively). Values for absolute copy numbers for both mEar 11 and GAPDH were interpolated from plasmid standards via methods described previously (27) . In specific experiments, mice were treated with 1 g of recombinant mouse IL-33 (R&D Systems) in 50 l of PBS by intraperitoneal injection daily for 3 days prior to isolation of lungs and spleen for evaluation of mEar 11 expression and serum Th2 cytokines (28) . Control mice received 0.1% bovine serum albumin in phosphate-buffered saline on the same injection schedule.
Expression of mEar 11 by Isolated Alveolar MacrophagesBronchoalveolar lavage fluid was collected from mice euthanized under isoflurane anesthesia and subjected to repeated instillation and withdrawal of 0.1% BSA in PBS (total 1.4 ml). Cells were isolated by centrifugation (500 ϫ g for 10 min) and re-suspended in culture medium (RPMI 1640, 10% FBS, 2 mM L-glutamine, 100 units/ml of penicillin, 100 g/ml of streptomycin) at a density of 3 ϫ 10 5 /ml. One ml of cell suspension was plated into a 12-well plate and allowed to adhere for 3 h at 37°C in 5% CO 2 . Non-adherent cells were removed, and adherent cells were washed with sterile PBS. Adherent cells were re-fed and incubated overnight at 37°C in 5% CO 2 . At 24 h, cells were provided with 1.0 ml of fresh medium alone or with IL-4 (10 ng/ml) or IL-13 (10 ng/ml). At various time points, cells were lysed directly in wells with RNAzol B, and RNA was isolated using RNeasy mini kit with on-column DNase I digestion (Qiagen). Gene expression was evaluated as described.
Expression of mEar 11 in Response to Priming with Lactobacillus plantarum-This protocol was described in detail in Ref. 29 . Briefly, 8-week-old BALB/c mice were anesthetized briefly with isoflurane and inoculated intranasally with of 10 9 colony forming units (cfu) of L. plantarum (BAA-793) in a 50-l volume of sterile phosphate-buffered saline with 0.1% bovine serum albumin (PBS/BSA) at day 0. Control mice received diluent (PBS/BSA) alone. This inoculation (ϭ priming) was repeated on day 7. Mice were sacrificed by cervical dislocation under isoflurane anesthesia at day 28; total RNA was prepared from bone marrow, spleen, and lung tissue using RNAzol B, and gene expression (copies mEar 11/copies GAPDH) was evaluated as described above.
Splenocyte Isolation and Chemotaxis in Response to mEar 11-Single cell suspensions were generated by chopping spleens into Hanks' buffered saline solution (Life Technologies) with 1% fetal bovine serum (FBS; Lonza) and 10 mM HEPES. Large pieces were pressed through a 40-m strainer, red blood cells were lysed with dH 2 O followed by re-equilibration with ϫ10 PBS. Cells were re-suspended in Hanks' balanced salt solution with 1% FBS and 10 mM HEPES and enumerated on a hemocytometer. Approximately 4 ϫ 10 7 cells were harvested from each spleen. Isolated splenic cells were re-suspended in RPMI 1640, 1% FBS with 10 mM HEPES to 10 6 cells/ml. Mouse Ear 11 or mEar 11K35R was re-suspended in assay medium immediately prior to assay at concentrations ranging from 0 to 3.4 M. RNase inhibitor (Roche Diagnostics) was added to specific experiments as indicated to a final concentration of 7.5 units/l. Control chemoattractant CCL24 was included at 5 ng/l (600 nM). One hundred l (10 5 cells) were added to the top wells inserts and 100 l of chemoattractant-containing medium added to the bottom wells of transwell plates. Cells were incubated for 150 min at 37°C in a humidified 5% CO 2 incubator. Migrated cells were collected from the bottom wells and diluted with 150 l of 0.1% PBS/BSA. Migrated cells were counted for 30 s at high flow rate on an LSRII (BD Bioscience, East Rutherford, NJ 
RESULTS

Mouse Eosinophil-associated RNase 11 Is a Divergent
Sequence within a Multigene Cluster-Shown in Fig. 1A is an unrooted neighbor-joining tree featuring rodent eosinophil-associated RNases from the house mouse (M. musculus), Mongolian gerbil (M. unguiculatus), and Chinese hamster (C. griseus); three non-rodent Ear sequences recently identified from the European wild rabbit (Oryctolagus cuniculus (31)) serve as an outgroup. Accession numbers for all sequences are included under "Experimental Procedures." Of note, the eosinophil-associated RNases form independent species-limited subclusters, suggesting that these sequences underwent multiple duplication events after speciation. A similar pattern was observed when comparing the eosinophil-associated RNases of mice and rats (18, 32) , two rodent species estimated to have diverged ϳ33 million years ago (33) . In contrast, this pattern no longer holds when comparing different species within the Mus genus (18) . As shown, mEar 11 has diverged substantially from the major mEar cluster, which includes both mEars 1 and 2 (21 and 20% nucleotide sequence divergence from mEar 11, respectively), although calculations of dN versus dS yielded no evidence of positive or purifying selection (data not shown).
An alignment of the encoded amino acid sequences of mEars 1, 2, and 11 is shown in Fig. 1B . Most mEars characterized to date maintain features characteristic of the RNase A family, including amino-terminal signal sequences, catalytic histidines, and conserved lysine, the latter within a signature "CKXXNTF" motif, and 8 cysteines that form disulfide bonds in the secreted ribonuclease proteins. As anticipated from the aforementioned nucleotide sequences, the amino acid sequence of mEar 11 likewise diverges significantly from those of mEars 1 and 2 (42 and 38% amino acid sequence divergence, respectively), although the carboxyl-terminal region (amino acids 100 -129), which includes the catalytic histidine (His-124) and several of the amino acids identified as "chain folding initiation sites" that stabilize protein conformation (34) is comparatively conserved. The calculated isoelectric point of mEar 11 (8.99 ) is somewhat lower than that calculated for mEar 1 (9.28) or mEar 2 (9.59).
Recombinant mEars 1, 2, and 11 were generated using the pET24(ϩ) bacterial expression system; recombinant protein was isolated from inclusion bodies, denatured, refolded, and purified as shown (Fig. 2, A and B) . All refolded proteins were stable in solution and were detected with both monoclonal anti-His tag and polyclonal anti-mEars antibody; mEar 11 displays slightly greater electrophoretic mobility than mEars 1 and 2.
Enzymatic Activity of mEar 11-Double-reciprocal plots were generated to compare the catalytic properties of the three mEars (Fig. 2, C-E) . As anticipated, the catalytic constants (27) . Sequences were aligned using ClustalW; the unrooted tree was created with MEGA 6.0 (30) with bootstrap values (5000 replicates) above 50 as shown. The GenBank TM accession numbers for the sequences used to create the tree are listed under "Experimental Procedures." The featured sequence, mEar 11, is shown within the red box; the prototypical mEars 1 and 2 are denoted with red arrows. B, alignment of the amino acid sequences of mEar 1, mEar 2, and mEar 11. As shown, all three include amino-terminal signal sequences (sequence preceding the amino termini of the secreted proteins, indicated as ϩ1); eight cysteines (in blue), which are cross-linked in the secreted, ribonucleolytically active protein; catalytic histidines (His-24 and His-124 at arrows); and the CKXXNTF signature motif (within box) that includes the conserved lysine (Lys-35; arrow). Amino acids that distinguish the sequence of mEar 11 from those of mEar 1 and 2 are shown in red. Calculated isoelectric points, based on amino acids ϩ1 to ϩ129 are as shown in the right-hand column. Ϫ1 , respectively. The constant determined for mEar 2 is somewhat lower than that determined for this protein generated by Sf9 cells via the baculovirus expression system (35) ; this may relate to glycosylation of the latter protein and/or the fact that baculovirus-derived recombinant proteins are purified from cell supernatants already active without the need for chemical refolding. In contrast, the K m determined for mEar 11 is ϳ6 -11 fold higher, and the catalytic efficiency, k cat /K m , ϳ900 -1700 times lower than that calculated for mEar 1 or mEar 2, at the latter at 0.31 ϫ 10 3 M Ϫ1 s
Ϫ1
. Thus, although mEar 11 has retained all the structural features that are critical to support RNase activity, the sequence divergence has resulted in a substantial reduction in catalytic activity. There are several examples within the RNase A family in which gene duplication leads to sequence divergence and substantial loss of enzymatic activity by one member of the resulting gene pair; among these examples, the structural and functional divergence of primate RNase 2/ECP from RNase 3/EDN (3), the paired avian leukocytes RNases A1 and A2 (8) , and divergence of RNases 1 and 1b in the leaf-eating primate, douc langur (36) . In the first two cases, loss of enzymatic activity is associated with acquisition of host defense function.
Expression of mEar 11 in Response to Th2
Cytokines-Similar to findings initially reported by Cormier and colleagues (23), we found that isolated alveolar macrophages express mEar 11 in response to direct stimulation with IL-4 or IL-13 (Fig. 3A) . Although human RNase 7, mouse RNase 6, and mouse eosinophil-associated RNase 6 (mEar 6) are expressed in response to inflammatory stress (4, 37, 38) , to the best of our knowledge, mEar 11 is the only RNase A ribonuclease expressed directly in response to Th2-type cytokine stimulation. To extend this finding, we evaluated the expression of mEar 11 at baseline in various mouse tissues. We detected transcript encoding mEar 11 in macrophage-enriched tissues, including liver, lung, and spleen (Fig. 3B) , and, to examine the impact of systemic Th2 stimulation, we inoculated mice with IL-33 via a regimen shown previously to result in elevated serum levels of both IL-4 and IL-13 (28) (Fig. 3C) . We detected a 10-fold increase in expression of mEar 11 in lung, and a 5000-fold increase in spleen in response to this treatment protocol (Fig. 3, D and E) .
Mouse Ear 11 Is Expressed in Response to Protective Priming with L. plantarum-
In previous work, we demonstrated that priming of respiratory mucosa with live Lactobacillus species promotes robust and sustained survival in response to an otherwise lethal respiratory virus infection, a property known as heterologous immunity (29, 39, 40) . Priming and sustained protection (several months) is associated with profound suppression of proinflammatory cytokines (29, 40) and increased expression of transcripts indicative of M2 (alternatively activated) macrophage polarization in situ in lung tissue. were primed with two intranasal inoculations of live L. plantarum on days 0 and 7, after which bacteria are cleared within 24 h of inoculation (39); expression of mEar 11 was assessed both locally in lung tissue and systemically in bone marrow and spleen on day 28 (Fig. 4A ). As shown in Fig. 4 , B-D, priming alone results in a 1000-fold increase in local expression of mEar 11 in lung tissue, and a 10 4 -fold increased expression systemically in bone marrow and spleen.
Mouse Ear 11 Is a Leukocyte Chemoattractant-For functional studies of mEar 11, we generated recombinant mEar 11 in the yeast, P. pastoris, so as to avoid confounding issues related to endotoxin contamination found in bacterial preparations (41) (endotoxin/limulus test confirmed, see "Experimental Procedures"). P. pastoris-derived mEar 11 is ribonucleolytically active (Fig. 5A ) and has appropriate electrophoretic mobility (Fig. 5B) . In earlier studies, Yang and colleagues (43) reported ; 10 9 cfu in 50 l) at day 0 and day 7 or diluent (PBS/BSA) control prior to evaluation 3 weeks later on day 28. We have shown previously that administration of L. plantarum directly to the respiratory mucosa results in robust and sustained protection against the lethal sequelae of subsequent respiratory virus infection (29) . B-D, expression of transcripts encoding mEar 11 (copies mEar 11/copies GAPDH) in lung, spleen, and bone marrow, respectively; *, p Ͻ 0.05 versus diluent control, n ϭ 3-6 mice per group. FIGURE 5. Recombinant P. pastoris-derived mEar 11 is a chemoattractant for mouse splenocytes. A, initial rates (V i , generating soluble ribonucleotides measured as OD/min) of P. pastoris-derived (Pp) mEar 11 and Pp-mEar 11K35R, both evaluated at 230 ng/ml. B, purified Pp-mEar 11 (column fractions 1, 2, and 3) evaluated on polyacrylamide gel and stained with Coomassie Blue; inset, detection of P. pastoris-derived mEar 11 on Western blots probed with monoclonal anti-His tag and polyclonal anti-mEars antibodies. C, chemotactic index (cells migrating in response to mEar 11/cells migrating in response to medium alone) for FSC hi /SSC hi splenocytes from BALB/c mice; **, p Ͻ 0.01 versus 0 (no mEar 11) control. D as in C, splenocytes from the eosinophil-deficient ⌬dblGATA mice migrating in response to mEar 11; **, p Ͻ 0.01 versus no mEar 11 control.
that mouse eosinophil-associated RNase 2 (mEar 2) and human RNase 2/EDN were both chemoattractants for mouse CD11c ϩ dendritic cells. As mEar 11 has diverged significantly from mEar 2 as well as from RNase 2/EDN, and as such may or may not have similar properties, we set out to determine whether or not mEar 11 was also a leukocyte chemoattractant. In Fig. 5C , we show that mEar 11 is a chemoattractant for splenocytes (FSC hi /SSC hi gate) from wild-type BALB/c mice; this dose-dependent pattern is reproduced with splenocytes from eosinophil-deficient ⌬dblGATA mice (Fig. 5D) . In Fig. 6A , we show that enzymatic activity is not essential for chemoattractant activity. Specifically, we generated mEar 11K35R, in which the conserved lysine 35 (see Fig. 1B ) was converted to arginine; this protein will be appropriately folded but without the conserved lysine at this position, enzymatic activity is substantially reduced (34) (Fig. 5A) . As shown here, mEar 11K35R is equally effective as mEar 11 at eliciting splenocyte migration. In contrast, adding cytoplasmic ribonuclease inhibitor (RI) which binds tightly and specifically to all mammalian RNase A ribonucleases, and masks the exterior surface as well as the catalytic site of the RNase molecule (42), inhibits chemotaxis elicited by both mEar 11 and mEar 11K35R. This result confirms that mEar 11 and mEar 11K35R are the active agents, and that chemotaxis is not elicited by a co-purifying contaminant. Addition of RI alone has no impact on splenocyte chemotaxis. RI also has no impact on chemotaxis elicited by control chemoattractant, CCL24 (Fig. 6B) . Standard chemotaxis/chemokinesis controls are included in Fig. 6C .
Mouse Ear 11 Is a Chemoattractant for F4/80
ϩ CD11c Ϫ Tissue Macrophages-As noted above, Yang and colleagues (43) reported earlier that both mEar 2 and RNase 2/EDN were chemoattractants for CD11c ϩ dendritic cells. Although the chemoattractant receptor on these cells has not been identified, in subsequent work, EDN/RNase 2 was characterized as an alarmin, and found to activate CD11c ϩ dendritic cells via interactions with the pattern recognition receptor, TLR2 (44) .
Here, we characterize further the cells migrating in response to mEar 11. First, we have confirmed that TLR2 is expressed prominently on splenocytes from wild-type C57BL/6, but not TLR2-gene deleted mice (Fig. 7A) . As shown in Fig. 7 , B and C, whereas mEar 11 elicits chemotaxis of splenocytes from C57BL/6 mice as it does splenocytes from BALB/c mice (see Fig. 5 ), we find that the chemotactic response to mEar 11 is not directly dependent on interactions with TLR2. Furthermore, whereas mEar 11 does have some effect on neutrophils (Ly6G ϩ ) and dendritic cells (F4/80 Ϫ CD11c ϩ ), its greatest impact on a per cell basis is on F4/80 ϩ CD11c Ϫ tissue macrophages (Fig.  7D) . Tissue F4/80 ϩ CD11c Ϫ macrophages undergo prominent FIGURE 6. Chemotactic activity is not dependent on enzymatic activity. A, loss of enzymatic activity due to conversion of the conserved lysine to arginine (mEar 11K35R) as in A has no impact on splenocyte chemotaxis; in contrast, addition of cytoplasmic RI, which binds tightly and specifically to the molecular surface of RNase A family ribonucleases, inhibits chemotaxis elicited by mEar 11 and mEar 11K35R. Addition of RI alone has no impact on splenocyte chemotaxis; **, p Ͻ 0.01 versus no mEar 11 control. B, CCL-24 (0.6 M) is a chemoattractant for FSC hi /SSC hi mouse splenocytes; RI has no impact on chemotaxis elicited by this agent; **, p Ͻ 0.01 versus RI only control; C, P. pastoris-derived mEar 11 introduced at 1.7 M to lower, upper, or both wells of a transwell plate. Results document that mEar 11 elicits chemoattraction, not simply chemokinetic activity; **, p Ͻ 0.01 versus no mEar 11 control.
migration to mEar 11 likewise with no significant differences between the responses of cells derived from wild-type versus TLR2 Ϫ/Ϫ mice (Fig. 7, E and F) .
DISCUSSION
In this study, we have characterized mEar 11, the only RNase A ribonuclease expressed in response to Th2 cytokines, and we have revealed a role for this protein as a macrophage chemoattractant.
The existence of a multilineage RNase A family was first revealed in the late 1980s upon identification of, among others, gene sequences encoding human angiogenin (RNase 5 (45)), eosinophil cationic protein (RNase 3/ECP (46, 47) ), and eosinophil-derived neurotoxin (RNase 2/EDN (48, 49) ). Upon completion of the sequence of the human genome, eight RNase A ribonucleases that had the potential to be fully functional were identified (numbered RNases 1 through 8) together with five more distantly related sequences (RNases 9 -13). Host defense functions have been attributed to three specific lineages of the mammalian branch of the RNase A superfamily. The human eosinophil secretory ribonucleases (RNases 2 and 3) are rapidly diverging proteins with prominent antimicrobial, antiviral, and signaling activities (14 -16); RNase 7, is a cationic antimicrobial protein originally isolated from human skin (4), and mouse angiogenin-4, one member of a cluster of proteins originally characterized as promoting blood vessel growth (7) also has anti-pathogen activity. Antimicrobial activities have also been attributed to several non-mammalian RNase A ribonucleases, including the highly cationic chicken leukocyte RNase A2 (8) , and Dr-RNases 1, 2, and 3 of the zebrafish, Danio rerio (50, 51) .
Very little is known regarding the specific function of any of the individual mouse eosinophil-associated RNases. The mEar cluster was first identified by Larson and colleagues (17) , and its evolutionary diversity was characterized by Zhang and colleagues (18) . As noted earlier, mouse Ears are prominent components of eosinophilic leukocytes, but individual mEars have been detected in other tissues in response to individual proinflammatory stimuli (22, 37) . Mouse Ear 11 is the only known RNase A ribonuclease expressed in response to Th2 cytokines, and specifically in alveolar macrophages (i.e. M2 or alternative activation) (23) . Alternatively activated, as distinguished from classically activated macrophages, are generally viewed as promoting immunoregulation and inflammatory suppression (52, 53) . In this light, it is intriguing to consider a role of mEar 11 as a prominent local and systemic response to priming with L. plantarum. As we have shown previously, priming of the respiratory mucosa with this immunobiotic organism results in robust and sustained heterologous immunity against subsequent respiratory virus infection in association with profound suppression of the virus-induced cytokine storm (29, 39, 40) . Heterologous immunity (also known in other contexts as innate imprinting and trained immunity (54 -57)), is a general term that describes nonspecific cross-protection to unrelated microbes, and has been attributed in other experimental settings to activation of circulating monocytes. Among these findings is the recent report of Kleinnijenhuis et al. (58) who reported that cross-protection elicited by Bacille CalmetteGuerin (BCG) vaccination was associated with pattern recognition receptor NOD-2-dependent responses of circulating monocytes. Although protection elicited by L. plantarum priming is not directly dependent on NOD-2 alone, 7 the systemic responses elucidated by mEar 11 expression provide insight into the impact and persistence of protection elicited by L. plantarum priming.
Equally intriguing, although human RNase 4 is expressed in adherent monocyte/macrophages (59) we could find no documentation of a human RNase A ribonuclease expressed specifically in alternatively activated macrophages (i.e. in response to Th2 cytokines (60, 61) ); this includes the most recent study by Martinez and colleagues (61) , which features both microarray and proteomic analysis of human macrophages challenged with IL-4. Furthermore, the 5Ј putative promoter region of mEar 11 includes no consensus binding sites for Stat6 (62) , as one would anticipate if this transcript was regulated directly (as opposed to indirectly) in response to IL-4 and/or IL-13. It will be interesting to explore this response further among the rodent and other species with Ear clusters (31, 32) to define clearly the nature and molecular basis of this unusual response.
We have found that mEar 11 is a prominent chemoattractant for F4/80 ϩ
CD11c
Ϫ macrophages (63) , an action that does not require endogenous enzymatic activity, and that is also not directly dependent on interactions between mEar 11 and the pattern recognition receptor, TLR2. This is intriguing, given the findings of Yang and colleagues (43, 44) in which the related ribonucleases, mEar 2 and RNase 2/EDN, were both identified as pertussis toxin-dependent chemoattractants for CD11c ϩ dendritic cells, and that RNase 2/EDN specifically activates dendritic cells via interactions with TLR2. Botos and colleagues (64) were among the first to note the remarkable structural similarities between TLRs and the ubiquitously expressed cytoplasmic RI, notably the ring array pattern of coiled leucine-rich repeats. As such, it is reasonable to consider the possibility that mEar 11 might interact with TLR2 and/or other TLRs on innate immune cells via these leucine-rich repeats and elicit responses other than what has been evaluated thus far. There are several studies that have implicated TLRs in promoting leukocyte migration (65) (66) (67) , however, it remains uncertain as to whether the migrating cells were responding directly or indirectly to TLR ligands, as these studies were carried out in complex in vivo environments. Given the abundant expression of TLRs on macrophages (68) , it would be intriguing to examine this possibility further, and to determine whether mEar 11 might interact directly with one or more TLRs, and to determine what the structural basis and the outcomes of these interactions might be.
In summary, we have characterized mEar 11, a unique RNase A ribonuclease and the only member of this extensive family known to be expressed in direct response to Th2 stimuli. Transcripts encoding mEar 11 are differentially expressed in somatic tissues at baseline; Th2 cytokine stimulation and local priming with L. plantarum results in dramatic up-regulation in absolute expression in both lung and spleen tissues. Furthermore, mouse Ear 11 is a prominent chemoattractant for F4/80 ϩ macrophages and, despite previous studies indicating that its ortholog, RNase 2/EDN can interact with and signal via TLR2 (44) , this specific interaction between mEar 11 and mouse macrophages is TLR2-independent. Further study will define and expand the scope of the interactions between mEar 11 and mouse macrophages both ex and in vivo.
